The nucleotide (i.e., GTP or GDP) bound state of Ran cess over free importin ␣. Thus, components of the is controlled by the combined action of several proteins. nuclear transport machinery serve to regulate spindle
cytoplasmic. This is predicted to result in nuclear Ran being predominantly Ran.GTP and cytoplasmic Ran being predominantly Ran.GDP (Mattaj and Englmeier, 1998 ; Gö rlich and Kutay, 1999).
Importin ␤, the first import receptor to be characterized, carries diverse cargoes. In some cases, it binds directly to cargo, but more frequently it binds to the adaptor molecule importin ␣, which in turn interacts directly with proteins carrying basic nuclear localization signals or NLSs (Mattaj and Englmeier, 1998 ; Gö rlich and Kutay, 1999). On arrival in the nucleus, importin ␤ is dissociated from these complexes by the binding of Ran.GTP. Cargo is released from importin ␣, which is then targeted for re-export by binding to the export receptor CAS together with Ran.GTP (Kutay et al., 1997).
Here, we investigate the mechanism by which Ran.GTP stimulates microtubule nucleation in M phase. We show that importin ␣ acts as an inhibitor of M phase microtubule nucleation by binding and inactivating a specific factor. This factor is identified as the known microtubule binding protein TPX2. Ran.GTP acts by causing the displacement of TPX2 from importin ␣.
Results
We reasoned that the induction of spindle assembly by Ran might be mechanistically related to its function in nucleocytoplasmic transport. Two modes of action could be envisaged. In the first, the microtubule nucleating factor would be activated by assembly into a complex with an export receptor in the presence of Ran.GTP. In the second, the nucleating factor would be activated by dissociation from an import receptor. In the latter case, one would expect that Ran.GTP-independent microtubule nucleation would be seen in M phase extract in the presence of a large excess of cargo molecules specific for the relevant import receptor, as they would compete with the nucleation factor for receptor binding.
We therefore tested cargo molecules interacting with a variety of import receptors for their ability to cause Figure  1A , bottom left) and the effect was specific since an inactive truncated form of the IBB had no effect ( Figure  1A , bottom right). These results strongly suggested that importin ␣ acts as an inhibitor of microtubule nucleation in M phase extracts. To test this directly, we examined the effect of excess importin ␣ on Ran.GTP-induced microtubule assembly. In order to control for specificity, a mutant form of importin ␣ (ED) was constructed. In the ED mutant, a critical residue on the surface of each of the two NLS binding pockets of the protein was mutated (Conti et al., 1998; Conti and Kuriyan, 2000) . The two mutations converted E 389 to R and D 189 to K. When tested in vitro, the ED mutant failed to bind to the NLS-containing nucleoplasmin protein ( Figure 1B) .
As previously reported (Carazo-Salas et al., 1999), addition of the hydrolysis-deficient Q69L mutant of Ran loaded with GTP to Xenopus M phase extract induces microtubule assembly ( Figure 1C , top right and histogram). Addition of excess importin ␣ severely inhibited this activity, while addition of the ED mutant to the same concentration had no effect ( Figure 1C , bottom panels and histogram). To ensure that these results were relevant to the induction of spindle assembly by chromatin, we repeated these experiments by adding chromatin beads (Heald et al., 1996) to the extract instead of Ran.GTP. While 100% of clusters of more than 50 chromatin beads induced spindle assembly in control extract, no assembly was seen on addition of 30 M exogenous importin ␣ (data not shown). . Although in some experiments we could recover activity from the importin ␣ column by high salt elution, this proved both inefficient and nonreproducible (data not shown). We therefore tested the ability of another rich source of importin ␣ binding proteins, HeLa cell nuclear extract, to reactivate the depleted extracts. Some reactivation was found, provided sufficient nuclear extract was added ( Figure 2B, bottom left) . Moreover, ED mutant depleted extract could be hyperactivated by adding HeLa nuclear extract ( Figure 2B , bottom right and histogram), suggesting that the quantity of the nucleation activity present in the nuclear extract was enough to overcome inhibition by endogenous free importin ␣. This was confirmed by the finding that HeLa nuclear extract could cause microtubule assembly even in the absence of added Ran.GTP (see below). Like the endogenous Xenopus activity, the HeLa factor was also inhibited by the addition of excess importin ␣ but not ED mutant protein (data not shown). The HeLa nuclear activity was also not affected by addition of excess RanBP1 and RanGAP, indicating that it was neither RCC1 nor Ran.GTP (data not shown).
The HeLa cell nuclear extract was therefore fractionated. First, stepwise ammonium sulfate precipitation was carried out. The activity was mainly precipitated in the 25%-35% and 35%-45% fractions ( Figure 3A . Z-tagged To test microtubule-inducing activity from HeLa cell nuclear exXenopus importin ␣ and the double point mutant of importin ␣ (ED) tracts, 9 l of Xenopus M phase extracts were incubated together were expressed as described for importin ␣ (Gö rlich et al., 1994). with 1 l of HeLa nuclear extract or fractions derived from it for Loading of RanQ69L with GTP was as described (Weis et al., 1996a) . 40-60 min. For purification, frozen HeLa cell nuclear extract (2.5 ϫ 10 10 cells) was precleared by centrifugation for 1 hr at 100,000 g in a 50TI rotor at 4ЊC. All subsequent steps were performed at 4ЊC.
TPX2 Function in Spindle Assembly

There is a radical change in the regime of microtubule nucleation and dynamics when cells enter mitosis (Hyman and Karsenti, 1998). In general, in interphase cells
Precipitation of TPX2 and Associated Proteins Proteins (150 mg) were first subjected to sequential ammonium from Egg Extracts sulfate precipitation using 25%, 35%, 45%, 60%, 80%, and 100%
Precipitation (corresponding volumes) nucleoplasmin was analyzed by SDSActivity was eluted at around 400 mM KCl. Active fractions were PAGE and autoradiography. separated on SDS-PAGE, protein bands which correlated with the activity were assigned and identified by MALDI.
SDS-PAGE, Silver Staining, and Western Blotting SDS-PAGE was performed as described (Laemmli, 1970) 
